Marsupial tree frogs (Hylidae: Hemiphractinae) share the unusual feature of females brooding eggs on the dorsum or in a dorsal pouch. Results of studies of albumin evolution in these frogs suggest that the generic lineages are ancient (Cretaceous), that a minimum of four species groups can be identified within the genus Gastrotheca and that the monotypic Amphignathodon should be placed in Gastrotheca. The results also support recent suggestions that direct development is the plesiomorphic reproductive mode in egg-brooding hylid frogs. The estimated times of divergence of various lineages coincide with major orogenic events in South America.
S
TUDIES of albumin evolution have provided evidence of relationships among taxa in several anuran families over the past decade (Maxson et al., 1982; Maxson, 1984; Maxson and Roberts, 1985) . Because of their unusual mode of reproduction, the approx. 60 species of egg-brooding hylid frogs of the subfamily Hemiphractinae (including Amphignathodontinae) have been the subject of several evolutionary studies in recent years (Duellman and Hoogmoed, 1984; Wassersug and Duellman, 1984; Duellman and Hillis, 1987) . Frogs in this subfamily share a unique embryonic featurelarge, membranous, external gills that completely (or partially) envelop the embryos, all of which develop on the dorsum of females (Cqptobatrachus, Hemzphractus, and Stejania) or in a brood pouch on the dorsum of females (Amphzgnathodon, Flectonotus, Fritziana, and Gastrotheca) . In Amphignathodon, Cryptobatrachus, Hemzphractus, Stejania, and most species of Gastrotheca, the eggs hatch directly into froglets; there is no free-living tadpole stage. In Flectonotus and Fritriana, the eggs hatch into advanced, nonfeeding tadpoles that complete their development in a few days in water in bromeliads or tree holes (Duellman and Gray, 1983) . The free-living, feeding tadpoles produced by some species of Gastrotheca have a lengthy development period in ponds.
There seems to be a simple orthogenetic progression in the reduction of larval features of the oral morphology in Gastrotheca; thus, freeliving tadpoles have the most completely developed mouthparts, whereas embryos of direct~developin~species of Gastrotheca'and other genera of herniphractines have reduced mouthparts (Wassersug and Duellman, 1984) . These authors suggested that the oral morphology of direct-developing species of Gastrotheca can be accounted for by simple truncation of the normal tadpole developmental program. Thus, the O 1988 by the iZmerican Society of Ichthyologists and Herpetologists 528 COPEIA, 1988, NO. 3 tadpole-producing species of Gastrotheca may have evolved from lineages having direct development. A preliminary immunological study of Gastrotheca (Scanlan et al., 1980) showed that direct development existed in several lineages of Gastrotheca; thus, either direct development or the free-living larval condition may have arisen independently several times in the genus.
A cladistic analysis of allozymes of the highAndean groups of Gastrotheca (Duellman and Hillis, 1987) supported the recognition of northern (G. plumbea) and southern (G. marsupiata) groups of high-Andean Gastrotheca, as suggested on the basis of immunological evidence by Scanlan et al. (1980) . Furthermore, the allozymic analysis showed that plesiomorphic alleles were shared by the two montane groups and the lowland species having direct development. This reproductive mode occurs in most of the species in the G. marsupiata group and in two members of the G. plumbea group. However, allozymic data suggest that tadpole production is plesiomorphic in the G. plumbea group and that direct development in G. orophjlax and G. plumbea is derived. Thus, the question remains: In the egg-brooding hylid frogs, is direct development primitive or derived? In order to test these alternatives, we have expanded our earlier immunological study (ScanIan et al., 1980) to include all genera of hemiphractine frogs and many additional species of Gastrotheca. In so doing, we also have examined the immunological relationships among the taxa in light of their taxonomy and biogeography.
Albumin antisera were prepared according to established procedures (Maxson et al., 1979) . For species represented by a small sample, only one or two (rather than the standard three) rabbits were immunized to elicit antisera. T h e nunl'uer uf rabbits used for antisera production is indicated parenthetically in the following list. Comparative studies of antisera from single vs multiple rabbits indicate little variation among rabbits in estimates of albumin immunological distances (Maxson, 198 1; Busack et al., 1988) . In addition to the antisera (to G. excubitor, G. marsupiata, G. ochoai, G. orophjlax, and G, riobambae) used by Scanlan et al. (1980) , the following antisera were prepared: Cryptobatrachus fuhrmanni (2), Flectonotus pjgmaeus (I), Gastrotheca argenteovirens (I), G. dendronastes
monticola (I), G. nicefori (1) and G. pseustes (1). Additionally, plasma or muscle tissue preserved in phenoxyethanol (Maxson and Wilson, 1975) were used as albumin samples from 18 populations of G. pseustes, seven populations of G. riobambae, 17 additional species of Gastrotheca, Flectonotus jitzgeraldi, Fritziana goeldii, Hemiphractus bubalus, H. fasciatus, Stefania mansi and S. ginesi (see Appendix 1 for museum numbers for voucher specimens and locality data).
Several frogs from the same population were pooled in order to obtain sufficient plasma for producing antisera. Otherwise, all albumins used in micro-complement fixation (MC'F) tests were maintained as individual samples. Several individuals from randomly selected populations of G. riobambae and G. pseustes were tested initially to ascertain levels of intrapopulational variation in albumin. In all cases, immunological distances (ID) from different individuals varied by only 1 o r 2 units, the same amount of variation reported in other studies (Maxson, 1981; Maxson and Svzmura. 1984) . T h e samples of G. riobambae i n d G. pseustes'used as antigens for comparisons in Tables 1, 3-4 were the homologous populations used for producing: antisera.
"
All antisera were used in the quantitative micro-complement fixation (MC'F) assay (Champion et al., 1974; Maxson and Maxson, 1986) to estimate albumin evolution in these f r o~s .
0
Data are reported as immunological distances (ID). For albumin it has been determined that ~, one unit of ID is approximately equivalent to one amino acid difference between the albumins compared (Maxson and Wilson, 1975; Maxson and Maxson, 1986) and that approx. 10 such substitutions accumulate every 5.5-6 million years of lineage independence (Wilson et al., 1977) . Divergence times are reported as ranges calculated by multiplying the smallest ID by 0.55 and the largest ID by 0.60 so as to give the broadest time range possible. Sarich (1985) reevaluated the calibration of the albumin molecular clock in some placental mammals (based on quantitative precipitin data, not MC'F), but we choose to use the former calibration because it is based on MC'F data, includes more extensive vertebrate comparisons, and includes data on diverse groups of anurans.
T h e tree ( Fig. 1 ) is a consensus of two trees, each constructed from averages of reciprocal ID presented in Tables 1 (experimental data) and 2 (adjusted data). Each tree was drawn using a modification of Farris' (1972) Wagner tree algorithm. Because the variance in the estimated ID increases more rapidly than linearly with increasing ID (Maxson and Maxson, 1986) , only the phylogenetically closest lineages are used to calculate limb lengths for the branches on the tree. This contrasts to the methods of Farris (1972) and Fitch and Margoliash (1967) wherein averages of all outside lineages generally are used to calculate limb lengths. Our method provides results that incorporate less "noise" than the use of global optimization procedures. T h e most distant lineages are used to root the tree. This method has been determined to be appropriate for albumin MC'F data in which the large number (580) of amino acid positions in albumins permits the assumption that there are few parallel and back-mutation contaminations in the data (Maxson, 1984; Maxson and Maxson, 1986) .
T h e average titer for the antisera used in this study is 4400 (range 2000-8000) and the average slope is 390. These values are typical for antisera to anuran albumins (Maxson, 1984) . All antisera were judged to be directed predominantlv to serum albumin as evidenced bv a single precipitin arc in immunoelectrophoresis when tested with whole serum. T h e results of MC'F tests using purified albumin, whole plasma, or muscle extracts as the antigen source -were indistinguishable.
Results of all MC'F tests are presented in Tables 1.3-4. The Dercent standard deviation from perfect reciprocity for the nine antisera in Table 1 is 23.7%. When small ID (59) are involved in calculations, the standard deviation appears to be inflated (Scanlan et a]., 1980) . T h e standard deviation drops to 10.5% when the comparisons involving ID of 5 9 are omitted. When the correction procedure of Sarich and Cronin (1976) for data exhibiting a significant nonrandom element in the distribution of nonreciprocities is applied (Table 2), the standard deviation is 17.6% for all pairs and 8.5% for those comparisons of ID r 10 ( Table 2 ). Another way of evaluating the reciprocal estimates is by the average deviation in reciprocal ID estimates of all pairs (Scanlan et a]., 1980) . For the entire data set (Table l) , this is 4.4 units, approximately twice the value expected (Maxson and Maxson, 1979) . For the adjusted data set (Table  2 ), this value is 3.3 units.
Some of the data in Tables 1, 3 -4 were reported by Scanlan et al. (1980 Tables 1, 3 -4. Samples of many species used for heterologous one-way compa;is6ns were represented by only small pieces of muscle tissue. Therefore, once a s~ecies had been tested with re~resentative antisera, further tests were not run. At distances over 60 ID, exhaustive com~arisons were not run in order to conserve scarce material. More importantly, it has been shown that ID of more than 100 do not provide good phylogenetic information (Maxson and Maxson, 1986) . Thus, once it has been ascertained that lineanes are 0 more than 100 units apart, it is not necessary to attemDt to refine the ID more ~reciselv. Difi ferent lower estimates reported from the same antiserum generally are due to variable antigen availability.
T h e tree calculated by using the averages of the reciprocal data (Table 1) had the same branching pattern as that based on the adjusted reciprocal data (Table 2 ). T h e tree ( Fig. 1) is a consensus of the two trees, and branching nodes are indicated at average immunological distances. A trichotomy of G. orophylax, G. argenteovirens, and G, riobambae exists because all values measured with the antiserum to G. riobambae werequite low. Moreover, the data for this triad (Table 1) do not satisfy the triangle inequality; the lineage leading to G. riobambae has a distance of 0 or -1. However, the adjusted data ( 
* Reactions not performed because distant placement was confirmed (see Table 3 ).
sister species. Nonetheless, the distance along the limb leading to these two taxa is less than 2 units; generally, such short lengths are not considered to be significant and are collapsed (Maxson and Wilson, 1975) , for such small numbers approach the limits of resolution of the MC'F technique (Maxson and Maxson, 1979) . Typically, trees are evaluated by comparing the experimental data with the distances determined from the reconstructed tree and by calculating either a percent standard deviation (Fitch and Margoliash, 1967) or a percent error (Prager and Wilson, 1978) . The data reported herein are unusual in that many species are very close immunologically and have such variable rates of albumin change (or "noise") that construction of a definitive tree is difficult. For example, production of a tree without negative branches does not seem to be possible with these data. This problem indicates that errors in estimating albumin-sequence evolution are relatively large. Accordingly, we present a conservative interpretation of the data wherein some of the possible sublineages are suppressed. The data do support a definitive G. marsupiata group, but the lineages within the G. plumbea group, especially G. monticola, are not so well defined. No standard evaluation of how well the tree fits the data is presented, because such an evaluation would have little meaning for a consensus tree such as we have constructed. Table 3 shows the results of one-way comparisons representative of the four species groups of Gastrotheca. These data allow us to infer the relative positions of groups of all species on a generalized species group phenogram (Fig. 
2). We also compared representative species of
Gastrotheca and other hemiphractines with antisera to three other hemiphractine genera (Table 4).
Relationships among hemiphractinegenera. -Antisera were available only to four of the seven living genera of hylid marsupial frogs. Results from comparisons among some of these frogs are resented in Table 4 . Albumin differentiation among the genera is substantial; many comparisons are beyond the range (>120-150 ID) within which MC'F is able to measure accurately the immunological distances (Maxson and Max-" son, 1986 ). Accordingly, we refrain from making definitive statements concerning branching relationships for these genera beyond noting that they diverged from one another more than 60 million years before present (MYBP).
Morphologically and developmentally, Flectonotus and Fritziana are sister groups (Duellman and Gray, 1983; Wassersug and Duellman, 1984) ; the ID of about 100, indicating a separation of 55-60 million years, supports this relationship. Likewise, Cryptobatrachus and Stefania are one another's closest relatives based on morphological characters (Duellman and Hoogmoed, 1984) . This relationship is supported by developmental data (Wassersug and Duellman, 1984) . If the high ID values that we " obtained betweek these genera reflect their relative times of divergence, our data suggest that Cryptobatrachus is more distant to Flectonotus judgement on the precise placement of this lineage among the Hemiphractinae. The morphologically bizarre Hemiphractus with posterolaterally projecting paraoccipital processes, fanglike teeth, and enlarged neural spines of the vertebrate protruding dorsally is distinct from other hemiphractine hylids (Trueb, 1974) . However, it shares with Cryptobatrachus and Stefania the development of eggs into froglets openly on the back of females and in having embryos that lack all features associated with free-living, feeding tadpoles. (Stefania has a remnant of an upper beak and apparently a vestigial ventral velum [Wassersug and Duellman, 19841.) Immunologically, Hemiphractus seems to be more distant to Cryptobatrachus (ID = 157 = 86-94 MYPB) than to Flectonotus (ID = 90 = 50-54 MYBP). Note, however, that the Flectonotus antibody again is the low estimate.
The monotypic Amphignathodon is unique among anurans in having true teeth on the dentary; otherwise, morphologically and developmentally it is like G. cornuta and G. dendronastes (Duellman, 1983; Wassersug and Duellman, 1984) . Immunologically, it is no more distinct from some species of Gastrotheca than these are from other congeners (Fig. 2) distances are at, or beyond, the point of reso-long time. Most of generic differentiation prelution by MC'F techniques (Maxson and Max-sumably occurred in the Cretaceous. Resolution son, 1986). Values are indicated as approximate of a branching pattern of relationships must or greater than, when we had insufficient an-await the application of other techniques, such tigen to carry out additional comparisons. In as sequence analysis of ribosomal DNA. most of these instances, the MC'F curves were broadening and requiring so much antigen that Relationships among the species of Gastrotheca.-it was apparent we had reached the limits of For the purposes of this discussion, we recogphylogenetic resolution of the albumin MC'F nize four species groups of Gastrotheca (Table methodology (Maxson and Maxson, 1986) . 3; Fig. 2) . The G. ovijera group contains large Therefore, we can say only that the lineages are species that have direct development and inquite distinct and have been independent for a habit tropical lowlands and lower montane for- (Scanlan et al., 1980) suggested that northern Andean species (G. plumbea group) are consistent in their distances from a southern Andean species, G. excubitor (G. marsupiata group) and that both of these groups are more distant from the large, lowland species (G. ovfera group). The expanded data set reported here confirms these suggestions and allows the resolution of the immunological relationships of many species of Gastrotheca.
lmm~nologicallythere are three subgroups in the G. ovijiera group (Table 3; Fig. 2 ). The four species on the eastern slopes of the Andes and in the upper Amazon Basin (G. andaquiensis, G. helenae, G. longipes, and G. weinlandii) form one subgroup; the-ID of three of these species to G. longzPes are 23-47, indicating divergence times of 13-28 MYBP. Gastrotheca cornuta and G, dendronastes on the Pacific slopes of the Andes are about 42 ID apart; this-suggests a divergence of about 23-25 MYBP. Gastrotheca ovifera in the Cordillera de la Costa in Venezuela is about equally differentiated from G, dendronastes (ID = 45; 25-27 MYBP). These three species constitute a second subgroup. The third subgroup consists of G. guentheri; it is about 110 ID from each of the other subgroups, which have an average of about 95 ID from one another (Table 3 ). These distances suggest that the three subgroups have been genetically ind e~e n d e n t from one another for more than 50 million years.
Other ID among members of the G. ouijera group (Table 3) were reported by Scanlan et al. (1980) . Because of lack of material, these tests could not be rerun after antisera were prepared to other members of the G. ovijera group. The earlier work (Scanlan et a]., 1980) showed that three species (G. helenae, G. ovfera, and G. weinlandii) were quite distant from the G. marsupiata and G. plumbea groups. However, these ID (35-7 1, n = 49) are considerably lower than the ID (72-1 18. 2 = 95) of other members of the G. ovfera group (G. andaquiensis, G. cornuta, G, dendronastes, G. guentheri, and G. longipes) to species in the G. marsupiata and G. plumbea groups. These inconsistencies do not seem to be the result of the experimental work. Therefore, until additional material is available, these discrepancies cannot be resolved.
Within the G. plumbea group, Scanlan et al. (1980) reported what appeared to be a cryptic species within the samples identified as G. riobambae and noted that some of these samples were immunolog.icallv closer to the G. marsu-
piata group than to G. riobambae in the G. plumbea group. Subsequent analyses of morphology and allozymes by Duellman and Hillis (1987) revealed that G. "riobambae" was a composite of several species, including G. espeletia (no immunological data available), G. litonedis, G. riobambae, and G. pseustes. One other closely related species, G. ruizi, was recognized by Duellman and Burrowes (1986) . With the exception of G. pseustes, all of these species belong to one species group, but G. pseustes shares 1 1 derived allozymic electromorphs with members of the G, marsupiata group (Duellman and Hillis, 1987) . Using antisera prepared to G. riobambae, G. pseustes, and G. monticola, we sampled many populations of Gastrotheca from the Andes of Ecuador and sorted each according to its albumin -cross-reactivity. Because all comparisons involved albumins from individual frogs, we were able to detect frogs that had been misidentified. All frogs had been allocated tentatively to G. riobambae. MC'F tests to G. riobambae antisera showed 18 individuals with ID of 10-18; these same individuals had an average ID of 25 to antisera of G. monticola. Later all of these frogs were confirmed to be G. pseustes (and had ID of 0-1 to an antibody made to G. pseustes). Individual samples of true G. riobambae had an av-"P? : erage of 11 ID to the G. pseustes antisera and 9 ID to G. monticola. The average distances among these species confirmed the placement of G. pseustes in the G. marsupiata group ( Fig. 1 ; Duellman and Hillis, 1987). Although Scalan et al. (1980) determined that there were several potential cryptic species included in G."riobambae," thorough allozymic and morphological studies were required to define the taxa. As noted above, MC'F can identify reproductively isolated populations, but for recent speciations, analysis of multiple loci is needed to make explicit specific identifications (Maxson and Maxson, 1979) .
Three species in the G. plumbea group in the Andes of southern Colombia have small ID. The morphologically distinct G. aureomaculata is immunologically like G. argenteouirens (ID = l), whereas-G. tiachyceps is more distant from G.
argenteovirens (ID = 5). According to Duellman (1987) , G. argenteovirens, G. trachyceps, and G.
dunni are closely related allopatric species; however, the cross:reactions that we have for G. dunni show it to be somewhat more distant to G.argenteovirens (ID = 14) than to G. riobambae (ID = 5). Gastrotheca trachyceps seems to be only slightly closer to G. argenteovirens (ID = 5) than to G. riobambae (ID = 8). These four species may have differentiated from one another 3-10 MYBP.
With the exception of comparisons with the G. monticola antisera and antigen, we found small ID among the species of the G.plumbea group.
The ID are 5 14, indicating that divergence has occurred <8.4 MYBP. Our data are not in conflict with the phylogenetic relationships of these species proposed on the basis of allozymic evolution by Duellman and Hillis (1987) .
Immunologically, G. monticola is most distant to other members of the G.plumbea group. The greatest distance is to G. argenteovirens (ID = 19.5 = 11-12 MYBP). The ID to most other members of the G. plumbea group are 6-12, indicating divergence from those species 3-7 MYBP. These data conflict somewhat with the phylogeny proposed by Duellman and Hillis (1987) , who placed G.monticola and G. litonedis as sister species sharing five derived electromorphs; these two species share three derived electromorphs with G. psychraphila, and together these species form a sister group to the remainder of the Ecuadorian species of the G. plumbea group.
The immunological data indicate that the albumin of G. litonedis is more similar to that of G. riobambae (ID = 2) than to that of G,monticola Fig. 1 ) and unidirectional tests in Table 3 . Asterisks indicate species having direct development.
(ID = 10). Similarly, G. psychrophila is only 2 tions of the electromorphic and immunological units from G. riobambae. Data for other species data. All of the ID to G. monticola are high, but in the G,plumbea group are concordant with these high values do not necessarily separate G. the tree given by Duellman and Hillis (1987) . monticola from the G.plumbea group. These data In fact, a correlation analysis performed on our provide an excellent example of why it is better tree ( Fig. 1) and that of Duellman and Hillis to perform electrophoresis of many loci rather (1987) gives a correlation of 0.88. As indicated than compare albumins for species sharing a earlier, these immunological data are not suf-very recent common ancestor (Maxson and ficiently robust to define sublineages within the Maxson, 1979) . That G. monticola is not a mem-G. plumbea group, and this accounts for the ap-ber of the G. marsupiata group is attested to by parent discrepancies between the interpreta-the higher ID (17-27, f = 23) of seven species in that group to G. monticola and the allozymic evidence presented by Duellman and Hillis (1987) .
Some populations referred to G. monticola on external morphological characters have high ID to other populations. One subadult specimen (KU 18 1741) from 20.5 km SSW of Leimebamba, Departamento de Amazonas, Peru, has ID of 15 to G. monticola (antibody of population from Pomacochas, Departamento de Amazonas, Peru), and of 4-6 to G. pseustes, G. marsupiata, and G. excubitor (all members of the G. marsupiata group), respectively. Specimens (KU 181733-34) from El Tambo on the ridge to the west of Huancabamba, Departamento de Piura, Peru, have an ID of 26 to the sample from Pomacochas, but an ID of only 3 to G. marsupiata, a species from which they are distinct morphologically. Therefore, it is likely that at least two unnamed cryptic species exist in the mountains of northern Peru (Duellman and Trueb, 1988) .
The ID among species in the G. marsupiata group generally are higher (3-25,f = 11) than those among species in the G. plumbea group (excluding G. monticola, 0-14, f = 5). T h e distances obtained from unidirectional tests of various species to antisera of G. excubitor, G. marsupiata, G. ochoai, and G. marsupiata form a reasonably consistent pattern, but some reciprocal values are inconsistent (Tables 1, 3 ). For example, the reciprocal values of G. ochoai and G. excubitor are 10 and 3, between G. ochoai and G. marsupiata 20 and 6, and between G. ochoai and G. pseustes 24 and 7. As can be seen in all of these comparisons, the G. ochoai antibody gives ID higher than the average by about 50%. Thus, the placement of this lineage is considered in light of this strong nonrandom directionality of ID estimates.
Among the Peruvian species in the G. marsupiata group, the two tadpole-producing species (G. marsupiata and G. peruana), together with the Ecuadorian tadpole-producing species (G. pseustes), seem to form a natural subgroup (ID = 4-10 = 2.2-6.0 MYBP). Likewise, three species having direct development (G. excubitor, 6.griswoldi, and G. ochoai) seem to form another subgroup. The ID betweeen G. griswoldi and G. excubitor is 10 (5.5-6.0 MYBP), and the average distance between the latter and G. ochoai is 6.5 (3.6-3.9 MYBP). However, the ID of G. griswoldi to G. ochoai is 19 (13 when adjusted, as in Table 2 ), greater than the IDS to G. marsupiata and G. pseustes-8 and 4, respectively. T h e direct-developing G. galeata is intermediate between these subgroups; the ID to G. excubitor is 8 and to G. pseustes and G. marsupiata 6 and 9, respectively. Again, the distance to G. ochoai is much greater (ID = 2 1; 14 adjusted by the Sarich-Cronin [I9761 method).
T h e only available data on the two species from northern Argentina (G. chrysosticta that produces tadpoles and G. christiani that has direct development) are unidirectional tests. These data suggest that G. christiani and G, chrysosticta may be intermediate between the marsupiata and plumbea groups, but no inference about their relationship to one another can be made without an antibody to either taxon.
Morphologically, G, nicefori resembles some members of the G. ovijera group, but immunologically it is closer to members of the G. plumbea and G, marsupiata groups (Tables 1 and  3 ). The averages of reciprocal ID between G. nicefori and species in the G. plumbea group are 19-23 (f = 21), species in the G. marsupiata group 26-42 (f = 36), and species in the G. ovifera group 100-123 (f > 112). Thus, G. nicefori possibly represents a sister group to the G. plumbea and marsupiata groups, and all of these are a sister group to the G. ovifera group.
Tadpoles us direct development.-It
is generally accepted that reproduction via aquatic eggs and tadpoles is the primitive reproductive mode in anurans, a mode shared with primitive salamanders and caecilians (Duellman and Trueb, 1986 ). Free-living, feeding larvae are characteristic of three of the four subfamilies of hylids (Hylinae, Pelodryadinae, and Phyllomedusinae) and occur in some species of Gastrotheca in the Hemiphractinae, whereas some hemiphractines (Flectonotus and Fritziana) have free-livinp non--feeding tadpoles, and most hemiphractines have direct development-no free-living larval stage. Based solely on these three types of development. it is most ~arsimonious to consider freeliving, feeding tadpoles, as exemplified by some species of Gastrotheca, as the primitive reproductive mode in the ~e m i~h r a c t i n a e .
1n-this arrangement, free-living, nonfeeding tadpoles and direct development either could be derived sequentially or independently from free-living, feeding tadpoles. Sequential derivation of direct development from free-living, feeding tadpoles is consistent with the oral morphology of embryos and larvae (Wassersug and Duellman, 1984) .
If this arrangement is accepted, the high-Andean species of Gastrotheca would have to be considered as the outgroup to other hemiphractines, whereas Cryptobatrachus and Hemiphractus would be the most derived of the ,groups having direct development. Data on pouch structure and embryonic gills (del Pino, 1980; del Pino and Escobar, 1981; Duellman, 1985) , morphology (Duellman and Gray, 1983; Duellman and Hoogmoed, 1984) , allozymic evolution in Gastrotheca (Duellman and Hillis, 1987) , and the present data on immunological distances cast serious doubt on this simple orthogenetic progression.
The high ID among the genera of hemiphractine frogs show unequivocally that these genera have been in existence for a long period of time, at least since the Cretaceous. The only members of the subfamily that have free-living larvae are Fritziana, Flectonotus, and some highAndean species of Gastrotheca. Morphologically, Flectonotus seems to be derived from Fritziana, and the Fritziana-Flectonotus lineage is distinct from Gastrotheca (Duellman and Grav, 1983) .
, '
This sequence and independent evolution also are apparent in the oral morphology of the embryos and larvae, as shown by Wassersug and Duellman (1984) , who emphasized that the orthogenetic progression of free-living tadpoles to direct development was too simplistic in light of morphological and immunological evidence. They concluded that because the oral features of direct-developing Gastrotheca were similar to, if not identical with, those at some stage in the ontogeny of free-living larvae, all of the morphological patterns observed in direct-developing Gastrotheca can be accounted for by simple truncation of larval development.
If we assume that direct development is the plesiomorphic state in hemiphractine hylids, free-living tadpoles are independently derived in the Fritziana-Flectonotus lineage and in Gastrotheca. In fact, free-living tadpoles possibly evolved independently in the G. plumbea and G. marsupiata groups. Based on immunological data and the allozymic data presented by Duellman and Hillis (1 987) , it is possible to construct three equally parsimonious cladograms to incorporate the changes in reproductive modes in these two groups (~i~. first alternative as-3):~he sumes a change from direct development to tadpole production in the common lineage to the two groups; this requires independent reversals to direct development in lineages within both groups (Fig. 3A) . The other alternatives assume direct development in the common lineage to the two groups. In one of these alternatives, tadpole production is acquired independently in at least one lineage within the G. marsupiata group and in at least two lineages within the G. plumbea group (Fig. 3B) . In the other alternative, tadpole production is acquired independently in at least one lineage in the G. marsupiata group and in the lineage to the G. plumbea group; this requires a reversal to direct development in one lIneage within the G. plumbea grou'p (Fig.  3C) . As noted earlier, the two Argentine species (G. christiani and G. chysosticta) may be one another's closest relatives; if so, tadpoles were acquired independently in G.chysosticta from those in the other tadpole-producing lineage in the G. marsupiata group. The available data are insufficient to resolve this matter. Thus, although the immunological data have helped to resolve the question of the evolutionary relationships among the hemiphractine frogs in general, available data are not adequate to assess the precise evolutionary sequences in reproductive modes (production of tadpoles or froglets) in the G. marsupiata and G. Plumbea groups in the high Andes.
Biogeography.--Application of the albumin molecular clock (Wilson et al., 1977) with an accumulation of 10 amino acid substitutions each 5.5-6 million years of independent evolution allows the estimation of the ages of lineages and permits the correlation of these predictions with known events in earth history. The biogeographical history of hemiphractine hylids is particularly interesting because of the apparent antiquity of the group and because they inhabit such diverse regions as the ancient Guiana Shield and the geologically recent Andes.
The differentiation of Flectonotus, Fritziana, Stefania, and Hemiphractus from one another seems to have taken place in the Late Creta- ceous or Early Cenozoic ( 5 7 0 MYBP). Gastrotheca and Cryptobatrachus presumably were distinct lineages for a longer time (Table 5) . Stefania is restricted to the Guiana Shield, and Fritriana is endemic to the Brazilian Shield. These two regions have been continuously emergent throughout the Mesozoic, Cenozoic, and Quaternary. Presumably, the shields were continuous with one another until the Late Cretaceous when elevation of both was initiated. and the subsidence of the Amazon Basin bkgan (Beurlen, 1980; Valeton, 1973) . There is no geological evidence for a past highland connection between the Guiana Shield and the northern Andes (Haffer, 1974) , the region inhabited by Cryptobatrachus. Therefore, it is probable that an ancestral hemiphractine existed on the ancient shields and in western tropical South America before the Late Cretaceous. Uplift of the Guiana Shield resulted in isolation of Stefania from Cryptobatrachus, and the uplift of the Brazilian Shield resulted in the isolation of Fritriana, whereas Flectonotus was restricted to the Cordillera de la Costa in northern Venezuela; this range was uplifted in the Late Cretaceous through the Oligocene (Liddle, 1946) . The estimated times of divergence of the genera are -consistent with this scenario. The table-top mountains (tepuis) of the present Guiana Highlands were formed by erosional dissection of a continuous tableland during the Cenozoic. Species of Stefania have allopatric distributions on these tepuis (Duellman and Hoogmoed, 1984) . Unfortunately, without an antibody to Stefania we are unable to estimate genetic distances between the species of Stefania.
Flectonotusjitzgeraldi on the islands of Tobago and Trinidad has an ID of 9 to F. pygmaeus in the Cordillera de la Costa in northern Venezuela. Thus, the differentiation of these species took place about 5 MYBP in the Pliocene. Duellman and Gray (1983) allowed that Hardy's The historical events that resulted in the vicariance of Gastrotheca from other hemiphractines are shrouded in uncertainty. Certainly the genus was present in western south ~m e r i c a prior to the initial uplift of the Andes in the Late Cretaceous. However, there are two species of the G. ovifera group (G. jissipes and G. microdiscus) in southeastern Brazil (Duellman, 1984) . Immunological data are lacking for these species, so it is not oossible to determine the times of their differentiation from other members of the genus or other genera of hemiphractine hylids. We cannot rule out the possibility that the early history of Gastrotheca was associated with the Brazilian Shield. However, the great diversity of Gastrotheca in the Andes and the antiquity of some of the species there suggests that the Brazilian species were derived from Andean lineages that in the past had continuous distributions across the southern part of the Brazilian Shield, which most closely approaches the Andes in southwestern Brazil.
The uplift of the Andes began in the late Cretaceous (>GO MYBP), but until the Miocene few areas were more than 1000 m above sea level. In the Miocene (+20 MYBP), the Andes to the south of the Huancabamba Depression from Peru to northern Argentina were uplifted further (Aubodin et al., 1973) ; the final major orogeny of these ranges took place at the end of the Plioene (+2 MYBP), and there was some additional elevation in the Pleistocene (Gansser, 1973; James, 1973) . The Andes to the north of the Huancabamba Depression in Ecuador and Colombia were not u~lifted more than 1000 m above sea level until the Pliocene; the major orogeny of these ranges took place at the end of the Pliocene (van der Hammen et al., 1973; Shagam, 1975; Simpson, 1979) .
Two or three glaciations occurred in the Pleistocene in the northern Andes; during times of maximum glaciation, temperatures were depressed by 6-7 C and environments were shifted downward by 1000-2000 m (Vuilleumier, 197 1 ; van der Hammen, 1974) . Pleistocene and Recent glaciations depressed snow lines by as much as 1500 m during the last two glaciations in the Peruvian Andes (Hastenrath, 1967; Simpson, 1979) .
These historical events explain the evolutionary history of Andean Gastrotheca as evidenced by their immunological relationships. The enigmatic G. guentheri presumably diverged on the Pacific lowlands from the rest of the G. oufera group in the Paleocene (56 MYBP). Presumably, another stock of these forest-dwelling Gastrotheca crossed the low Andean ranges in the Eocene (>46 MYBP), resulting in the differentiation of the G, cornuta-dendronastes-ovfera lineages on the Pacific slopes from the G, andaquiensis-helenae-longipes-weinlandii lineage on the Amazonian slopes. During the Miocene and Pliocene, species in both of these lineages differentiated, as evidenced by estimated times of divergence of 23-27 MYBP in the former lineages and 13-28 MYBP in the latter. Equitable climatic conditions and continuous forests across the low Andes were ~revalent in the Earlv Ce-, nozoic, but by the Miocene orogenic events must have resulted in altitudinal differentiation of habitats, which in turn resulted in isolation of populations of these forest-dwelling Gastrotheca.
The lineage that gave rise to the G, nicefori, G.plumbea, and G. marsupiata groups apparently differentiated from the lineage giving rise to the G. ovfera group in the Early Cenozoic; the lowest estimates of time of differentiation between the groups is 50-54 MYBP. Speciation in the G. marsupiata group began about 10 MYBP, at the end of the Miocene when the central Andes were uplifted. Although some speciation occurred in the G, plumbea group at the end of the Miocene (10-12 MYBP for G. monticola from G. argenteovirens) and during the Pliocene (8 MYBP for G. dunni from G. argenteouirens),most speciation in the group occurred at the end of the Pliocene and early Pleistocene ( < 3 MYBP).
The timing of speciation among the highAndean species of Gastrotheca coincides with the major Andean orogenies and Pleistocene events. Many of the high-Andean species inhabit p6ra-mos, habitats that were nonexistent in the northern Andes until the end of the Pliocene (van der Hammen, 1974) . All of the tadpoleproducing species of Gastrotheca live in these supra-treeline habitats. The recent evolution of these habitats and the recent times of divergence of the tadpole-producing species support the contention that this is a derived reproductive mode in Gastrotheca.
HemiPhractusfasciatus, Gastrotheca cornuta, and G. nicefori occur in forested habitats in northwestern South America and Panama. These are the only hemiphractine hylids in Central America. They must have dispersed into Central America after the closure of the Panamanian Portal in the late Pliocene (3-5 MYBP).
Unresolved problems.-In addition to obtaining more reciprocal cross-reactions so as to refine the resolution of immunological distances among the various taxa that have been studied, data need to be obtained for additional taxa. This is especially critical for species of Cryptobatrachus, Fritziana, and Hemiphractus for which no data are available on the ID among species in those genera.
Two major unresolved problems exist in Gastrotheca. One concerns the geographically disjunct species, G. jissipes and G. microdiscus, in eastern Brazil. These species are far removed geographically from other Gastrotheca and are morphologically distinct from one another (Duellman, 1984) . The second problem deals with two species, G. walkeri and G, williamsoni, in northern Venezuela. Superficially, these species resemble G, longipes in the upper Amazon Basin. However, the structure of their brood pouch is unique. Instead of a single opening to a dorsal pouch, there is a pair of openings to paired retroperitoneal pouches, in which the embryos undergo direct development. Data on the immunological relationships of these four species to other species of Gastrotheca should help to resolve their phylogenetic position within the genus.
